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Abstract Evaluation of maximum content of water in
natural gas before water condenses out at a given
temperature and pressure is the initial step in hydrate risk
analysis during pipeline transport of natural gas. The
impacts of CO2 and H2S in natural gas on the maximum
mole-fractions of water that can be tolerated during
pipeline transport without the risk of hydrate nucleation
has been studied using our novel thermodynamic scheme.
Troll gas from the North Sea is used as a reference case, it
contains very negligible amount of CO2 and no H2S.
Varying mole-fractions of CO2 and H2S were introduced
into the Troll gas, and the effects these inorganic impurities
on the water tolerance of the system were evaluated. It is
observed that CO2 does not cause any distinguishable
impact on water tolerance of the system, but H2S does.
Water tolerance decreases with increase in concentration of
H2S. The impact of ethane on the system was also
investigated. The maximum mole-fraction of water
permitted in the gas to ensure prevention of hydrate
formation also decreases with increase in the concentration
of C2H6 like H2S. H2S has the most impact, it tolerates the
least amount of water among the components studied.
Keywords hydrate, hydrogen Sulphide, CO2, dew point,
pipeline
1 Introduction
The presence of water vapour in natural gas is a critical
flow assurance issue for the oil and gas industry [1]
especially during pipeline transport. This water can
condense out from the bulk gas stream to form a separate
(liquid) water phase. This depends on the local conditions
of temperature and pressure, composition of the bulk and
the concentration of water in the hydrocarbon stream.
Pipeline transport operations of natural gas in the North
Sea are typically at elevated pressures (50 bar to 300 bar in
the North Sea). The seafloor temperatures are normally
low, owing to the seawater salinity, it could be as low as
– 1°C in the northern part, and seldom rise above 6°C in
the south [2]. If liquid water condenses out from the natural
gas streams at these conditions of high pressures and low
temperatures [3], with favourable mass and heat transport,
nucleation and growth of natural gas hydrate is expected to
occur [2]. Natural gas hydrates are crystalline solid
compounds formed when hydrogen-bonded water mole-
cules form cages referred to as “host” and entrap or enclose
molecules of some gases and volatile liquids known as
“guest molecules”. Natural gas primarily comprises
methane but also some amount of higher hydrocarbons
and some inorganic gases. Not all the components in
natural gas are guest molecules for hydrate formation.
Methane, ethane, propane and iso-butane [4–7] are the
hydrocarbons hydrate formers. Pure normal-butane cannot
form a stable hydrate [8–10] on its own. Carbon dioxide
and hydrogen sulphide [7] are inorganic gases that are
strong hydrate formers.
Hydrate nucleation and growth during pipeline transport
of natural gas with admixture of impurities of CO2 and H2S
are complex processes involving competition between
different phase transition mechanisms and routes, with
both kinetics and thermodynamics playing key roles [2].
The complexity is further increased since hydrate forma-
tion from natural gas in industrial systems such as pipeline
transport cannot successfully reach equilibrium because of
the limitations imposed by either the Gibbs phase rule or
mass and heat transport limitations. The Gibbs phase rule
is expressed as F = C - P + 2, where F is the number of
defined independent thermodynamic variables in the
system usually referred to as the degrees of freedom. P is
the number of actively coexisting phases, and C is the
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number of active components in terms of hydrate phase
transitions. If we chose a simple situation where we have
only one hydrate former in a system containing bulk gas
and water, for instance methane and water, when we have a
hydrate nucleus, the actively coexisting phases will be
three (P = 3) and the active components will be two (C =
2). From Gibbs phase rule, the system requires only one
degree of freedom (F = 1) to reach equilibrium. Thus,
industrial system such as pipeline transport will never get
to equilibrium-systems that involve a flowing stream,
hydrodynamics and hydrostatics, as well as phase transi-
tions, which also involve heat exchange. Since the local
pressure and temperature are usually defined in such
systems, it means that even this simplest system with only
one hydrate former will never achieve equilibrium. In
addition, mass transport limitations and low concentration
of water in bulk methane can impede the hydrate crystal
nucleus from ever reaching the critical size for stable
growth to begin. Heat transport is another problem that can
compound the problem of hydrate growth, since methane
is poor in thermal conduction compared to liquid water
clusters [11]. There will be a challenge of transporting the
exothermic heat of formation of the hydrate away from the
system, and this could also critically limit the hydrate
formation rate. Hydrate formation is a crucial problem [12]
that could result in eventual plugging and destruction of
pipeline and equipment [1,13] thereby halting operations
[6,12,14–16]; and consequentially, economic losses and
even loss of lives [6] can result. It costs the petroleum
industry around one billion dollars (USD) [13] annually for
prevention of hydrate formation in wells, gas processing
equipment and transport pipelines. These explain the
importance of evaluating the risk of hydrate formation.
The method the industry currently used by industry to
evaluate the risk of hydrate formation is typically based on
a three-step evaluation. The first step involves a calculation
of water dew-point [2,17,18] for the gas in question. If any
condition of temperature and pressure in the pipeline is
above water dew-point, so that water drops out, then a
second step involves evaluation of how much water will
drop out. And the third step is the hydrate formation
evaluation, including maximum amount of hydrate that can
be formed from the condensed water. The shortcoming of
this traditional scheme is that it totally ignores [2,17,19,20]
the impact of solid surfaces that create alternative routes to
hydrate formation. That is, the impact of hematite (rust) on
the internal walls on transport pipelines. These rusty
surfaces provide water adsorption sites that can also lead to
hydrate formation. The chemical potentials of the hydrate
guest molecules will be different across the phases due to
the inability of industrial or real systems outside of
laboratory to attain equilibrium. However, hydrate forma-
tion cannot occur directly on the surfaces covered by rust.
This is because the distribution of partial charges of
hydrogen and oxygen in the lattice are incompatible with
the atom charges in the rusty surface. But the rusty surface
works as a catalyst that helps to take the water out from the
gas stream via the process of adsorption, and hydrate
formation can follow slightly outside of the first two or
three water layers of about one nanometre. These two
approaches have been used for evaluations of maximum
water content tolerable in different gas systems in this
work. Evaluation of the upper-limit of water permitted in
gas streams during processing or pipeline transport is one
of the critical parameters in the design of dehydration
facilities, whether solvent based (like glycols systems) or
adsorption based (zeolites for instance).
This works aims at evaluating the effects inorganic
impurities of carbon dioxide and hydrogen sulphide will
have on the maximum mole-fractions of water that can be
permitted in natural gas streams without the risk of liquid
water condensing out to subsequently lead to hydrate
nucleation and growth. The paper is organized as follows:
some remarks about the hydrate formers being investi-
gated, followed by description of our thermodynamic
scheme, then a section for validation of the model systems
through comparison with experimental data, after which
the result section for impacts of varying amounts of CO2,
H2S and C2H6 on the maximum water tolerance in Troll
gas during pipeline transport follows, and then the impact
of these gases in binary mixture with methane (structure I
hydrate former) and propane (structure II hydrate guest
molecule).
2 Hydrogen sulphide as a hydrate guest
molecule
Hydrogen sulphide (H2S) is a very aggressive hydrate
former and it stabilizes small and large cavities of structure
I hydrates [6,21]. In hydrates, actual stabilization depends
on short range interactions, known as van der Waal type
interactions. Hydrogen sulphide, which is a slightly polar
molecule compared to nonpolar hydrate formers like
methane, has a unique effect on hydrate stabilization (the
effect of its dipole moment). When H2S molecule rotates
inside water cavity, it exposes an average positive (+ve)
charge outward due to the positively charged hydrogen
atoms pointing outward towards the walls of the cavity as
shown in Fig. 1. The average charges of the cavity walls
are negative inward in the cavity [21,22].
The resulting coulombic attraction from the partially
positively charged hydrogen atoms of the H2S (guest
molecule) pointing outwards towards the partially nega-
tively charged oxygen atoms of the water cavity walls
(host) pointing inward gives extra stabilization to the
hydrate without chemical bonding [22]. Detailed discus-
sion on this can be found in [22,23]. The dipole moment of
H2S is sufficiently strong to have substantial coulombic
attractions towards water in the cages but weak enough to
make sure that the water cages do not collapse. Hydrogen
sulphide is a better hydrate former than expected due to the
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impact of its polarity [22]. It gives stabilization efficiently
well to the hydrate such that the presence of even a very
small amount of it would shift the hydrate formation
conditions to lower pressures and/or higher temperatures.
The primary focus of this work is to evaluate the impact of
H2S on the tolerance limit for gas water content which
avoids the risk of hydrate formation when hydrocarbon
mixtures contain H2S during pipeline transport.
3 Carbon dioxide as a hydrate guest
molecule
Carbon dioxide is another good hydrate former. It
stabilizes the large cavities of structure I hydrate. CO2
has been observed [24] in small cavities but during rather
extreme laboratory conditions— It still remains unverified
whether CO2 in small cavities can assist in stabilizing the
hydrate structure, or gets trapped under special thermo-
dynamic conditions. The quadrupole moment of carbon
dioxide causes average net destabilization effect on the
large cavity from columbic interactions between the outer
negative oxygen molecules of the CO2 and the inward
negative field from H2O [25]. But the short-range
interactions between CO2 and water are strong and that
makes CO2 a good hydrate former.
4 Fluid thermodynamics
For a system to reach thermodynamic equilibrium, the
temperatures, pressures, and chemical potentials of all
coexisting phases have to be the same across all phase
boundaries. The systems under investigation cannot attain
equilibrium; however, using a quasi-equilibrium scheme
enables us to study the thermodynamic benefits of different
routes of either formation or dissociation of hydrate as
asymptotic limits of possible stability for every specific
phase transition.
Residual thermodynamics by means of the Soave–
Redlich–Kwong (SRK) equation of state [26] is used for
every components in all phases (hydrate, liquid water, and
ice). This was done using the results from molecular
dynamics (MD) simulations for water in different phases
(empty hydrates, liquid water, and ice) [11]. Free energy
minimization can be applied to evaluate the phase
distributions and compositions in equilibrium systems. It
is also not crucial to specify a reference state for different
components in different phases as long as thermodynamic
models are available. In the case of non-equilibrium
systems, a free energy analysis can be performed to
evaluate the most favourable phase distributions locally,
and also the thermodynamic preference for every compo-
nent to move across phase boundaries to other phases. In
this case, to evaluate the chemical potential of each
component (regardless of the phase), it is suitable to
choose the same reference state (ideal gas) for the free
energy of each phase as formulated in Eq. (1):
jðT ,P, y↕ ↓Þ –ideal gasj ðT ,P, y
↕ ↓Þ ¼ RT ln ÆjðT ,P, y↕ ↓Þ,
lim ðÆiÞ↕ ↓1:0 :::for ideal gas, (1)
where Æi is the fugacity coefficient for component j in a
specified phase and y
↕ ↓
is the mole-fraction vector of the
gas. The chemical potential of the ideal gas includes the
trivial mixing term as a result of ideal mixing of gases at
constant pressure.
A reference state is applied for the liquid state (ideal
liquid) in estimating the chemical potential of component j
as an intermediate step. This can be seen in Eq. (2)
normally referred to as symmetric excess. The ideal liquid
chemical potential also comprises the trivial ideal mixing
term and the pure liquid value.
jðT ,P, x↕ ↓Þ þ ideal liquidj ðT ,P, x
↕ ↓Þ ¼ RT ln gjðT ,P, x↕ ↓Þ,
lim ðgjÞ↕ ↓1:0 when xj↕ ↓1:0, (2)
where gj is the activity coefficient for component j in the
liquid mixture. Applying Eq. (2) to water, ideal gas
reference state can also be suitably used when the chemical
potential of pure liquid water is calculated from molecular
interaction models, that is using MD simulations. In this
study, data from [11] are used.
For components in gas phase having low solubility in
water, for example methane, “infinite dilution” of the gas
in water is a more suitable liquid reference state for the
Fig. 1 Schematic 2-dimensional illustration of H2S behaviour in
a hydrate cage [21,22]. The darker circles represent water oxygens
in the walls of the cavity, and the grey circles show water
hydrogens that would like to line along the water connection. The
other hydrogens will have variable tipping (in and out of cavity)
and on the average the sampled net balance [21,22] is a –ve
electrostatic field inward in the hydrate cavity. The H2S has a+ve
centre on the central “S” (represented in orange colour), thus, the
rotational modes of H2S in the hydrate cavity result in an average
+ve electrostatic field facing outward toward the walls of the
hydrate cavity
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components. Accordingly, the asymmetric excess model in
Eq. (3) is a proper formulation. It is called asymmetric
excess since the limit of the activity coefficient for the
component j tends to unity as the mole-fraction tends to
zero:
H2Oj ðT ,P, x
↕ ↓Þ þ H2O,1j ðT ,P, x
↕ ↓Þ
¼ RT ln ½xH2Oj ⋅gH2O,1j ðT ,P, x
↕ ↓Þ,
lim ðgH2O,1j Þ↕ ↓1 when xj↕ ↓0, (3)
where H2Oj is the chemical potential of component j in
water, 1 is infinite dilution, gH2O,1j is the activity
coefficient of component j in aqueous phase based on the
same reference state, and R is universal gas constant.
Using ideal gas as the reference state for calculating
values for the infinite dilution chemical potentials can be
accomplished using molecular dynamics simulations and
Gibbs–Duhem relation [19,27]. Also, the combined first
and second laws of thermodynamics will dictate that the
available mass of each component, and the total mass will
be distributed over all possible phases that can coexist
under given local pressure and temperature conditions,
provided that thermodynamic properties of all phases can
also be defined and estimated outside of equilibrium. This
calculation will be completely straightforward for most of
the fluid phases in consideration. Nevertheless, the hydrate
phase requires special consideration, and it has been
extensively evaluated in Kvamme et al. [19,28]. Therefore,
free energy minimization evaluation, and getting values for
local phase distributions in accordance with the first and
the second law of thermodynamics becomes likewise
straightforward by combining thermodynamic models for
fluids in Eqs. (1–3) with hydrate non-equilibrium models
from Kvamme et al. [19,28]. Several algorithms that can
implement this approach can be found in open literature.
Besides the case of hydrates, relevant pressures and
temperatures will mostly correspond to a liquid state.
And scenarios in consideration involve very low mutual
solubilities and/or low concentrations. The following
approximation in Eq. (4) should thus prove acceptably
accurate for most industrial applications where hydrate
formation is a risk factor:
ijðT ,P, x↕ ↓Þ  i,1j ðT ,P, x↕ ↓Þ þ RT ln½xij⋅gi,1j ðT ,P, x↕ ↓Þ,
(4)
where the subscript i is different phases with low solubility
and subscript j is to different components.
5 Hydrate equilibrium thermodynamics
The statistical mechanical model for water in hydrate is
used to estimate the chemical potential of water in hydrate.
It is a classical Langmuir type of adsorption model, but it is
applied as formulated in Kvamme & Tanaka [11] and
presented in Eq. (5). This form by Kvamme & Tanaka [11]
in contrast to that of van der Waal and Platteuw [29]
accounts for the movements of the lattice and correspond-
ing impacts of different guest molecules. The collisions
between guest molecules and water which are strong
enough to have impact on water motions are considered.
But the van der Waal and Platteuw [29] model is based on
assumption that the guest j does not have any effect on the









where H is the hydrate phase, ðHÞH2O is the chemical
potential of water in hydrate, ð0,HÞH2O is the chemical
potential of water in empty clathrate structure, and vi is the
fraction of cavity type i per water molecule. The unit cell of
structure I (sI) hydrate consists of 46 water molecules.
Hydrates of sI comprise 2 small and 6 large cages, that is:
vsmall cavity ¼ 1=23 and vlarge cavity ¼ 3=23. And hij is the
canonical cavity partition function of component j in cavity
type i. nguest is the number of guest molecules in the
system. The canonical partition function is evaluated using
Eq. (6):





where, β is the inverse of the product of gas constant and
temperature, and Δgincij is the impact on hydrate water from
inclusion of the guest molecules j in the cavity i [30]. At
equilibrium, the chemical potential of component j in
hydrate phase “H” must be equal to its chemical potential
in the parent phase where it has been extracted [2]. The
chemical potential of every gas components of hydrate is
evaluated using Eq. (1). But the typical equilibrium
approximation most hydrate simulators use is given in
Eq. (7) assuming a free hydrate former phase (gas, liquid,
fluid) in which each component’s chemical potential is
normally evaluated by an equation of state, and the










¼ Pure wateri,H2O ðT ,PÞ þ RT ln½xi,H2Ogi,H2OðT ,P, x
↕ ↓Þ: (7)
The Kvamme and Tanaka [11] model is used for
calculation of the chemical potential of water in the empty
chlatrate (hydrate) structure. This model has been verified
to have predictive capabilities [11,31]; and by implication
any empirical formulation for these chemical potentials is
pointless and possibly unphysical because chemical
potential is a fundamental thermodynamic property. We
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approximated the right-hand side of Eq. (7) as pure water
assuming that ions are not present in the water, but only
limited amounts of dissolved gases. The effect would be
just a slight shift in chemical potential of liquid water.
For example, at 150 bar and 274 K the correction is
– 0.07 kJ/mol, although it is a bit higher for 200 bar and
250 bar, nevertheless it is still not dramatic for the purpose
of this study. And Eq. (8) has also proven to be beneficial
[11,31] to calculate free energy change corresponding to a





j ðHj –Pj Þ, (8)
where H is the hydrate phase of molecule j, P is to the
parent phase of molecule j. The filling fraction, mole-
fractions and cavity partition function are related as







where xT is the total mole-fraction of all guests in the
hydrate, ij is the filling fraction of component j in cavity
type i, and xHij is the mole-fraction of component j in cavity
type i.
This work focuses mainly on the impacts of two
impurities (components) that could be found in natural
gas, carbon dioxide and hydrogen sulphide on the risk of
hydrate formation in industrial processes. While the
content of hydrogen sulphide in most of the North Sea
natural gas field is low [21], natural gas from Sleipner gas
field [32] and Ekofisk gas [33] contains substantial amount
of carbon dioxide.
6 Validation of theoretical model
A novel thermodynamic scheme for evaluation of various
routes to hydrate nucleation and growth, using ideal gas as
reference state for every component in every phase (the
hydrate phase inclusive) has been proposed in our earlier
studies. This makes comparison between various routes to
hydrate nucleation and growth transparent and consistent
in free energy changes and the corresponding enthalpy
change. This thermodynamic scheme has been applied in
this work to study the impacts of having carbon dioxide
and/or hydrogen sulphide in natural gas on the maximum
mole-fractions of water that can be tolerated during
pipeline transport, without the risk of hydrate nucleation
and growth.
Estimates of hydrate equilibrium from our model are
compared with experimental data of hydrate equilibrium
for gas mixtures containing methane (sI hydrate forming
hydrocarbon) with impurities of CO2 and H2S (Figs. (2–
5)), gas mixtures with both structure I and structure II
hydrate hydrocarbon guest molecules together (Fig. 6), and
also hydrocarbon gas mixture of sI and sII with CO2, H2S
and N2 (Fig. 7). Figure 6 has the comparison of estimates
with experimental data [34] for a natural gas containing
seven components.
When comparing estimates from our model with
experimental results, it is vital to know that molecular
dynamics simulations has been used for our calculations of
the free energy of inclusions without tuning of the model as
already mentioned. Moreover, it is important to remember
that more than one hydrate, meaning each having unique
composition, unique densities and unique free energies do
form frommulticomponent gas mixtures. And based on the
combined first and second laws of thermodynamics,
Fig. 2 Estimated equilibrium pressures for a gas mixture
containing 92% of methane and 8% of CO2 compared with
experimental data and calculated resulted results [35]
Fig. 3 Estimated equilibrium pressures for a gas mixture
containing 97% of methane and 3% of H2S compared with
experimental data [36]
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hydrate formation starts with the most stable hydrate
(which has the lowest free energy), after which different
hydrate compositions will subsequently form. Conse-
quently, a number of hydrates having varying composi-
tions of the initial hydrate guest molecules from gas/liquid
are more likely to form in each case presented in Figs. 2–7.
The binary gas mixtures in Figs. 2,3, and ternary mixtures
in Figs. 4,5, will result in formation of structure I hydrates,
while a mixture of structure I and structure II hydrates is
expected to form in Figs. 6,7. Methane will fill the small
cavity of sI, while ethane and carbon dioxide will be
entrapped into the large cavity of structure I. H2S is
expected to stabilize the small cavities of both structures I
and II, while propane and isobutane with larger molecules
will occupy the large cavities of structure II. For a
multicomponent natural gas mixture gas, especially like
the case presented in Fig. 7, hydrate formation will begin
with structure II hydrate formers after which the structure I
hydrate formers would eventually form hydrate.
In applying our novel thermodynamic scheme described
in previous thermodynamic sections, tuning of empirical
model parameters is not our intention (meaning no
Fig. 4 Estimated equilibrium pressures for a gas mixture
containing 82% of methane, 12.6% of CO2 and 5.4% of H2S
compared with experimental data [37]
Fig. 5 Estimated equilibrium pressures for a gas mixture
containing 82.45% of methane, 10.77% of CO2 and 6.78% of
H2S compared with experimental data [38]
Fig. 6 Estimated equilibrium pressures for a gas mixture
containing 17.4% of methane and 70.5% of ethane, and 12.1%
of propane compared with experimental data [39–41]
Fig. 7 Estimated equilibrium pressures for a natural gas with
composition of 87.8% of methane, 4% ethane, 2.1% of propane,
1.5% of isobutane, 1.1% of nitrogen, 3.25% of CO2 and 0.25% of
H2S compared with experimental data [34]
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empirical data fitting was done) because the priority is to
ensure that the statistical mechanical model [11] is kept
free of adjustable parameters in all terms. These includes
the chemical potentials of empty hydrate and that of ice
and liquid water. Thus, a fair qualitative agreement is
sufficiently acceptable for the aim of this work. As such,
perfect match with experimental data was not expected,
especially for the case presented in Fig. 7 which is a more
complicated system with multicomponent natural gas
mixture. Even though remarkable deviations occur for
the higher temperature regions in this case, the agreement
is sufficiently fair for qualitative analysis of possible routes
to hydrate formation. And Figs. 2–6 show good agreement
between the estimates of our model and experimental data
from literature. But anyone who wishes to apply the
computational schemes presented in this work could utilize
their own software and tune the Langmuir constants or
related interaction parameters required in the calculation of
the Langmuir constants. A number of schemes uses
differences in chemical potential of water, that is the
difference between the chemical potential of liquid water/
ice and the chemical potential of water in empty clathrate
for a specific structure. These parameters should not be
taken as adjustable parameters because they are funda-
mental properties of water. Enthalpy differences between
liquid water/ice and empty hydrates are also commonly
tuned. Care needs to be taken to avoid thermodynamic
inconsistencies because there is a fundamental relationship
between the partial derivatives of chemical potential
divided by temperature and enthalpy. However, we are
not insisting that everyone have to use our [11] models for
evaluating the chemical potentials of water in empty
hydrate and also liquid water/ice chemical potential. Even
small computers and various free MD codes make it easy
for anyone to compute their own values for this.
7 Results
7.1 Impacts of varying amounts of CO2, H2S and C2H6 on
the maximum allowable water content in Troll gas during
pipeline transport
A qualitative study of the effects of varying concentrations
of CO2, H2S, and ethane on the maximum amount of water
tolerable in Troll gas has been conducted. To investigate
the impacts of CO2, H2S and C2H6 on the maximum
permitted mole-fraction of water in natural gas, we
introduced a varying concentration of these gases into a
methane dominated Troll gas from the North Sea of
Norway [42], which does not have any significant amount
of CO2 and no H2S. The effects of C2H6 has been
considered also in this work because it is frequently the
component with the highest concentration [32,33,42,43] in
natural gas besides methane-the major component, and it
could be higher than 10% [33,43] in some natural gas
fields. Troll gas [42] is lean in ethane, just about 3.5%. The
compositions of Troll gas are given in Table 1.
This study (simulation) is done for pressures of 50 bar
and 130 bar and temperatures of 274 K and 280 K. This
pressure range has been chosen for this study because in
one of our recent studies [17] we found out that at
pressures higher than these the maximum limit of water
content becomes almost insensitive to increase in pressure.
There will be almost no change in amount of water
allowable in natural gas stream in pipelines due to increase
in pressure. This is because of the resistance to pressure by
especially the high-density non-polar heavy hydrocarbons
like ethane and propane. And the seafloor temperature at
the North Sea of Norway where Troll gas is produced is
usually between 272 K and seldom rise above 279/280 K.
Thus, 274 K (1 K above ice-point) and 280 K are the
minimum and maximum relevant temperatures for this
study. The analysis has been performed using both the
dew-point technique and the approach of adsorption of
water onto hematite. The results of our investigation are
illustrated in Figs. 8,9, and Figs. A1–A6 in Appendix A
(see Electronic Supplementary Material), and Table 2.
These results indicate that having CO2 in the methane
dominated Troll gas will not lead to any significant
reduction in the upper-limit of water in the original Troll
gas without CO2. However, both H2S and C2H6 show
considerable impacts on the maximum allowable water
mole-fraction in Troll gas to prevent the risk of hydrate
formation during processing or pipeline transport. The
safe-limit of water decreases with increasing concentra-
tions of both H2S and C2H6.
Analysis from the dew-point method for temperatures of
274 and 280 K both at pressure of 50 bar indicate that H2S
impact is only slightly (very negligible) more than that of
C2H6 at these conditions. Same analysis using the
approach of adsorption of water onto rusty surfaces
shows H2S having greater reduction effects on the
allowable mole-fraction of water compared to C2H6. And
at 130 bar, analysis also conducted for temperatures of 274
and 280 K show similar results and trends with both
approaches (dew-point and hematite), with differences
only in absolute values. At this pressure of 130 bar, the
impacts of H2S over that of C2H6 in lowering the safe-limit
of water in the Troll gas also increases with increasing
concentrations of both gases. These results show that
hydrogen sulphide which is a very vigorous hydrate former
Table 1 Normalized compositions of Troll gas [42]
Components
Well-head fluid Separator 1
0°C and 70 bar 1°C and 70 bar
Methane, C1 0.9592 0.9597
Ethane, C2 0.0349 0.0347
Propane, C3 0.0031 0.0030
Isobutane, iC4 0.0028 0.0026
622 Front. Chem. Sci. Eng. 2019, 13(3): 616–627
also has an impact on the maximum tolerance for water
during transport and/or processing of natural gas (when it
is present in substantial amount). And even though water
tolerance in natural gas is found to be sensitive to
increasing concentrations of C2H6, H2S has higher impact.
This work indicates that using the classical dew-point
method to evaluate the upper-limit of water, the estimates
will be 19 times higher than if the approach of adsorption
of water on rusty surfaces is used for analysing the risk of
water condensing out from natural gas and consequently
leading to hydrate formation at 274 K for the original gas,
and the system with vary amount of CO2 and C2H6. But it
is 20 times [2,44] higher for the system with vary
concentration of H2S. However, for all systems investi-
gated at 280 K, it is 18 times higher [45]. This is due to the
fact that the average chemical potential of the water
adsorbed on hematite is approximately 3.4 kJ/mol [44]
more negative than the chemical potential of liquid water.
And thermodynamics processes strive in the direction of
minimum (least) free energy.
7.2 Impacts of 0.5 mol of CO2 /H2S in binary mixture with
0.5 mol of methane/propane on the upper-limit of water
during processing and pipeline transport
The impacts of CO2 and H2S in binary mixtures with
methane (structure I hydrate guest molecule) and propane
(structure II hydrate guest molecule) in hydrate risk
examination in respect of the maximum mole-fraction of
water allowable in the gas mixtures to avoid the risk of
hydrate nucleation have been studied. Here each compo-
nent in the binary mixture has 50% of the gas mixture’s
composition (0.5 molar concentration each). The investi-
gation is done for two temperatures, 274 and 280 K for a
Table 2 Summary of the impact of H2S and CO2 on the average maximum water content permitted in Troll gas during processing and pipeline
transport for a pressure range of 50-170 bar
Troll gas
Reduction in maximum water content a)/%
Dew-point 274 K Dew-point 280 K Hematite 274 K Hematite 280 K
0.01 H2S on Troll gas 1.1 0.2 0.4 0.4
0.05 H2S on Troll gas 2.3 1.3 2.7 1.5
0.10 H2S on Troll gas 4.1 2.9 4.5 3.5
0.01 CO2 on Troll gas 0.8 No reduction No reduction 0.4
0.05 CO2 on Troll gas 0.8 No reduction No reduction 0.4
0.10 CO2 on Troll gas 0.9 0.01 No reduction 0.4
a) compared with Troll gas as reference case
Fig. 8 Impacts of introducing varying concentrations of H2S and
CO2 and impact of varying the amount of C2H6 in Troll gas in
respect of maximum content of water permitted before liquid water
drops out at 50 bar and 274 K
Fig. 9 Impacts of introducing varying concentrations of H2S and
CO2 and impact of varying the amount of C2H6 in Troll gas in
respect of maximum content of water permitted before liquid water
is adsorb onto Hematite at 50 bar and 274 K
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pressure range of 50 to 250 bar. This pressure range covers
the operating pressures [18,42,46] in the North Sea gas
processing and transport operations. The dew-point
technique and the approach of water adsorption on rusty
surfaces [2] of internal walls of pipeline and processing
equipment have been applied in this investigation. Figures
16–19 present the results of our investigations. The
reference case for estimates for binary mixtures of methane
is the Troll gas. Only structure I hydrate is expected from
the binary mixtures having methane as one of the
components. On the other hand, pure propane is used as
the reference case for binary mixtures with propane as one
of the components. The propane guest molecule will form
structure II hydrate, while the CO2 or H2S will form
structure I hydrate, thus, a mixture of both structure I and II
hydrates are expected.
The typical trends of methane and methane dominated
gas (like Troll gas) show higher allowable mole-fraction of
water at lower pressures and it decreases with increasing
pressures. And it is lower at lower temperatures and higher
Fig. 10 Maximum tolerance of water in gas mixtures to avoid
liquid water drop out at 274 K
Fig. 11 Maximum tolerance of water in gas mixtures to avoid
adsorption of water on hematite at 274 K
Fig. 12 Maximum tolerance of water in gas mixtures to avoid
liquid water drop out at 280 K
Fig. 13 Maximum tolerance of water in gas mixtures to avoid
adsorption of water on hematite at 280 K
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at higher temperatures [44,45]. And this can be observed in
the curves for the structure I hydrate binary gas mixtures
(having methane) and the methane dominated Troll gas,
showing reduction in the upper-limit of water that can be
permitted in the gas mixture without the risk of hydrate
formation. For these mixtures with methane, the methane/
H2S mixture distinguishably tolerates less water compared
to the methane/CO2 mixture and the Troll gas. It can be
observed that the curves for the methane/CO2 mixture and
the Troll gas almost flatten out at higher pressures,
especially from 170 bar. These illustrate resistance to
pressures due to higher density. And the curve for methane/
H2S binary mixture turns upwards after 90 bar, showing a
change of trend from a methane-dominated trend to H2S
dominated trend. This shows that at higher pressures after
90 bar, it is H2S that will dictate the safe-limit of water in
the gas mixture. The methane/CO2 binary gas mixture
curve almost overlaps with that of Troll gas. This is
because CO2 has almost no impact of reduction on water
tolerance when in mixture with methane or methane
dominated gas as observed in the previous section and also
as discussed in [17].
The characteristic trends for the heavier hydrocarbons,
that is for ethane, propane and isobutane are opposite to
that of methane and methane dominated systems [17]. The
maximum content of water permitted in the higher
hydrocarbons or any system dominated by them has a
trend with higher water tolerance at lower pressures and
higher water tolerance at higher pressures. This is due to
the non-polar high-density behaviour of the higher
hydrocarbons at such high pressure. Comparing the three
systems, that is pure propane, propane/CO2 binary gas
mixture and propane H2S binary mixtures, the mixture
with H2S also show the least water tolerance. But even
though the presence of CO2 with this high concentration of
0.5 has a very negligible or no impact on the structure I
methane and methane dominated systems, it has a
significant reduction impact on the safe-limit of water in
the propane mixture, though less than that of H2S. These
results and those in the previous section imply that for
pipeline transport systems for natural gas that contains
significant amount of H2S above 1%, particularly if the
concentration is unusually high up to 5% or above, care
should be taken not to disregard the impact of H2S on such
systems in respect of lowering the water tolerance below
the value for methane dominated systems. We also want to
emphasize that for all the systems studied, the method of
adsorption of water on hematite suggests that only between
5%–6% [17] of the estimated safe-limit of water by the
dew-point method should be allowed.
8 Conclusions
Hydrate formation in natural gas during pipeline transport
is a complicated process involving different phase
transition processes and routes, where kinetic and thermo-
dynamics have a significant function. Determination of
maximum mole-fraction of water in natural gas before
liquid water drops out at a specific temperature and
pressure is the initial step in a hydrate risk analysis during
pipeline transport of natural gas. The main goal of this
work is to investigate the impacts of varying concentra-
tions of CO2 and H2S on the upper-limit of water that can
be permitted without the risk of hydrate formation in non-
equilibrium industrial systems of pipeline transport. In
doing that, we introduced varying mole-fractions of these
inorganic gases into Troll gas and normalized the original
composition with the introduced gas. Troll gas from the
North Sea of Norway has been used as a reference case
since it contains very negligible amount of carbon dioxide
and no hydrogen sulphide. The conventional dew-point
method for hydrate risk analysis currently used by the
industry and the new approach of adsorption of water onto
the internal walls of transport pipelines and processing
equipment (proposed in our earlier publications) were
used. Hydrate nucleation risk evaluation based on the
mechanism of adsorption of water from these gas mixtures
onto rusty surfaces also indisputably dominates in all the
systems studied. This could be attributed to the fact that the
average chemical potential of the water adsorbed on rust is
about –3.4 kJ/mol lower than the chemical potential of
liquid water (chemical potential values are in negative).
And thermodynamic processes strive towards least free
energy. The implication is that evaluations with the usual
dew-point method may not ensure safe operation unless
other costly measures are taken to prevent hydrate
formation.
Introduction of varying concentrations of hydrogen
sulphide, a very vigorous hydrate former into Troll gas
resulted in lowering the water tolerance. On the other hand,
carbon dioxide which is also a very good hydrate former
has a very negligible or no significant impact when varying
mole-fractions of it were introduced into the Troll gas. The
ethane (a heavier hydrocarbon) in the Troll gas was also
varied to study its impact on the water tolerance of the gas,
and it also resulted in reduction of the upper-limit of water.
However, the impact of H2S is greater, particularly at 130
bar (the study was done for 50 and 130 bar at 274 and 280
K) for dew-point method. While calculations with the
approach of adsorption of water on hematite show good
differences between the impacts of H2S and C2H6, H2S
having the least water tolerance in all pressure and
temperature conditions.
The impacts of very high concentrations of these
inorganic acid gases on binary mixtures of 0.5 methane/
0.5 CO2 and 0.5 methane/0.5 H2S were also studied using
Troll gas as a reference case. Similar investigation was also
conducted for 0.5 propane/0.5 CO2 and 0.5 propane/0.5
H2S using pure propane as the reference case. The binary
mixture of methane-hydrogen sulphide also proved to have
the least tolerance for water compared to that of methane-
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carbon dioxide and Troll gas. The binary mixture of
methane-carbon dioxide almost overlaps with the reference
case, Troll gas, imply no significant impact. However, the
binary gas mixture of propane-carbon dioxide (0.5 molar
concentration each) shows a distinguishable impact when
compared to the water tolerance of pure propane (heavier
hydrocarbon and structure II hydrate former). But, the
propane-hydrogen sulphide binary mixture with each
component having 0.5 mole-fraction exhibits a greater
reduction in water tolerance. All the results in this work
indicates that hydrogen sulphide as a hydrate guest
molecule, in addition to being a very vigorous hydrate
former and giving extra stabilization to hydrates due to
some coulombic interactions, its presence in mixtures with
hydrocarbons of both structure I and II hydrate formers
lowers the water tolerance of the original hydrocarbons
during pipeline transport. While carbon dioxide only has
reduction effect on the upper-limit of water when in
mixture with higher hydrocarbon hydrate former (pro-
pane), it does not have any considerable impact on
methane and methane dominated systems.
Electronic Supplementary Material Supplementary material is available
in the online version of this article at https://doi.org/10.1007/s11705-019-
1795-2 and is accessible for authorized users.
Nomenclature
T – Temperature
Tc – Critical temperature
P – Pressure
m – Chemical potential
H – Hydrate
DG – Free energy change
P – Parent phase
R – Universal gas constant
Æ – Fugacity coefficeint
g – Activity coefficient
x
↕ ↓
– Mole fraction of liquid
y
↕ ↓
– Mole fraction of gas
hij – Canonical cavity partition function of component j
in cavity type i
Δgincij Z – Free energy of inclusion of the guest molecules
j in the cavity i
ij – Filling fraction of component j in cavity type i
b – Inverse of gas constant times temperature
xT – Total mole-fraction of all guests in the hydrate
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